Serine peptidases of the prolyl oligopeptidase (POP) family are of substantial therapeutic importance because of their involvement in diseases such as diabetes, cancer, neurological diseases, and autoimmune disorders. Proper annotation and knowledge of substrate specificity mechanisms in this family are highly valuable. Although endopeptidase, dipeptidyl peptidase, tripeptidyl peptidase, and acylaminoacyl peptidase activities have been reported previously, here we report the first instance of carboxypeptidase activity in a POP family member. We determined the crystal structures of this carboxypeptidase, an S9C subfamily member from Deinococcus radiodurans, in its active and inactive states at 2.3-Å resolution, providing an unprecedented view of assembly and disassembly of the active site mediated by an arginine residue. We observed that this residue is poised to bind substrate in the active structure and disrupts the catalytic triad in the inactive structure. The assembly of the active site is accompanied by the ordering of gating loops, which reduces the effective size of the oligomeric pore. This prevents the entry of larger peptides and constitutes a novel mechanism for substrate screening. Furthermore, we observed structural adaptations that enable its carboxypeptidase activity, with a unique loop and two arginine residues in the active site cavity orienting the peptide substrate for catalysis. Using these structural features, we identified homologs of this enzyme in the POP family and confirmed the presence of carboxypeptidase activity in one of them. In conclusion, we have identified a new type within POP enzymes that exhibits not only unique activity but also a novel substrate-screening mechanism.
The peptidases of the prolyl oligopeptidase (POP) 5 or S9 family are of considerable pharmacological interest. Several members of this family, including prolyl oligopeptidase (the POP enzyme, namesake of the family), dipeptidyl peptidase IV, and oligopeptidase B (OPB), are important drug targets for diseases like celiac sprue and diabetes (1) (2) (3) (4) . Another member of this family, acylaminoacyl peptidase (AAP), is associated with Alzheimer's disease, cataract formation, and cancer and has been implicated in the DNA damage response (5) (6) (7) (8) . Given the immense pharmacological relevance of this family, proper annotation and knowledge of substrate specificity mechanisms used by various members of the family are highly valuable.
Members of the POP family are quite varied in their substrate specificities and are grouped into subfamilies ( Fig. 1) (9) . POP and OPB are endopeptidases that cleave peptide bonds following proline and basic residues, respectively (10, 11) . Dipeptidyl peptidase IV and prolyl tripeptidyl peptidase remove dipeptides and tripeptides from the N terminus of oligopeptides with specificity toward proline at the penultimate position (12, 13) . AAP, conversely, is an acylaminoacyl peptidase that cleaves N-acetylated peptides to generate N-acetylated amino acids and peptides with free N termini (14, 15) . Despite this variation, the members of this family share a common structural fold comprising two domains, a catalytic ␣/␤-hydrolase domain, which harbors residues of the active site, and a cylindrical ␤-propeller domain, which buries the active site at the domain interface and forms a large dome-shaped cavity over it (16 -19) . The peptidases of the family have adopted sophisticated mechanisms to regulate access to the buried active site and permit smaller peptides into the active site cavity while excluding longer or structured peptides to prevent their nontargeted digestion (20 -26) .
In this study, we report the first carboxypeptidase from the POP family. This enzyme is currently annotated as AAP in Uni-Prot database, however, our concrete activity data reveal that it is, in fact, a carboxypeptidase. In contrast to all previously characterized members of this family, this peptidase requires a free C terminus in the substrate and catalyzes the sequential removal of C-terminal amino acids. We have determined 2.3-Å resolution crystal structures of this enzyme in both active (assembled catalytic triad) and inactive (disassembled catalytic triad) states. Our structural and mutagenesis studies reveal adaptations in the enzyme that enable its carboxypeptidase activity. We provide an unprecedented view of the assembly and disassembly of the active site for enzyme activation and inactivation. The active site is disassembled via disruption of the catalytic triad and the substrate-binding site. This is accompanied by the disordering of the gating loops that are involved in the oligomeric pore formation. This constitutes a novel substrate-screening mechanism in this family. Thus, our study adds a new dimension to the POP family of peptidases in terms of both enzyme activity and mechanism.
Results

Enzymatic activity
A putative peptidase of the S9C subfamily, S9Cdr from radiation-resistant bacteria Deinococcus radiodurans, was found to be annotated as AAP in the sequence database (UniProt accession number Q9RXY9). However, our preliminary studies with S9Cdr showed that, unlike what is expected from a typical AAP, activity of the enzyme toward N-Ac-Ala-Ala was lower than that toward the unblocked peptide Met-Ala-Ala ( Fig. 2A) .
A systematic study was carried out using different substrates to understand the substrate specificity of the enzyme. The ability of the enzyme to degrade various peptide substrates was evaluated by a spectrophotometric assay using ninhydrin reagent. No enzymatic activity was detected toward dipeptide substrates ( Fig. 2A ). However, tripeptides and longer peptides elicited significant activity. Among the tripeptides tested, the highest activity was observed for Met-Ala-Ala and Leu-Ala-Ser (Fig. 2B) . We checked the efficiency of the enzyme in cleaving peptides with different lengths using peptides MLA, ML(A) 5 , ML(A) 8 , and ML(A) 12 . Of these, ML(A) 5 was found to be the best substrate, whereas ML(A) 12 elicited the least enzymatic activity. This result suggests that the optimum peptide length for the enzyme substrates is in the range of four to nine amino acids (Fig. 2C ). The enzymatic activity was also determined for different peptides modified at either the N or C terminus ( Fig.  2A ). The enzyme exhibited activity toward N-blocked peptides N-Ac-Leu-Ala and N-Ac-Ala-Ala but not toward peptides N-Ac-Leu-pNA and N-Ac-Ala-pNA, which are typical AAP substrates ( Fig. 2A ). Thus, unlike in the case of AAP, cleavage of N-Ac-Leu-Ala and N-Ac-Ala-Ala by S9Cdr was not due to rec-ognition of a modified N terminus. This suggests that the free C terminus of the modified peptides may be required for the activity. Hence, we suspected that S9Cdr could be a carboxypeptidase. To provide conclusive evidence, the peptide cleavage profile of the enzyme was recorded. Keeping in mind the substrate length preferred by the enzyme, peptides GGLA, MLSAA, and YSSAAAA were chosen for recording the peptide Based on sequence similarities and the sequence motif around the nucleophilic serine, the enzymes are categorized into subfamilies in the MEROPS database (S9A, S9B, and S9C) (9) . The nomenclature of residue position in peptide substrate is as given by Schechter and Berger (50) . *, present study. cleavage profile. These substrates were individually treated with the enzyme, and the products of the reactions were monitored using reverse-phase chromatography at different intervals after derivatizing with o-phthalaldehyde. The elution profiles of the products of individual reactions were recorded (Fig.  3 ). The amino acids at the C termini of the peptides (MLSAA, GGLA, and YSSAAAA) were found to be released sequentially during the reactions ( Fig. 3 , A, C, and E). Moreover, at no instance was the release of di-or tripeptides from the C terminus of peptides observed. Hence, the dipeptidyl and tripeptidyl activities known to occur in the POP family were ruled out for S9Cdr. Amidation of the free ␣-carboxylate group of the peptides MLSAA and GGLA made them resistant to hydrolysis by the enzyme (Fig. 3, B and D) . This conclusively demonstrates that the S9Cdr enzyme exhibits carboxypeptidase activity.
Kinetic parameters of the enzyme were evaluated for Met-Leu-Ser, Leu-Ala-Ser, and Met-Ala-Ala substrates ( Table 1) . The magnitude of the carboxypeptidase activity of the enzyme is significant enough for it to be its biologically relevant activity (27). Residues believed to be critical for enzyme activity based on structural information (details in following sections) were mutated. Eleven mutants (S514A, H629A, D597A, R537A, R599A, R633A, N166A, D169A, D536A, D550A, and E630A) of the enzyme were constructed and assayed for activity toward the substrate Met-Leu-Ser ( Fig. 2D ). As expected, mutation of the residues of catalytic triad (Ser-514, His-629, and Asp-597) to Ala made the enzyme inactive. Mutagenesis of the substratestabilizing arginine residues (Arg-537, Arg-599, and Arg-633) to Ala also practically obliterated the enzyme activity. Even mutating the acidic residues that hold the stabilizing arginine The enzyme was incubated with different peptides, and the reaction products were monitored at different time intervals by subjecting them to reverse phase C 18 column chromatography after derivatizing with o-phthalaldehyde reagent. The elution profiles of the hydrolyzed products for MLSAA (A), MLSAA-NH 2 (B), GGLA (C), GGLA-NH 2 (D), and YSSAAAA (E) peptides are shown. 
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residues in place (Asp-536, Asp-550, and Glu-630) had an adverse effect on activity of the enzyme. Moreover, the importance of the gating loop was highlighted by N166A mutation that led to about 90% loss of activity. Mutation D169A had no significant effect on activity of the enzyme (Fig. 2D ).
Crystal structure
The crystal structure of S9Cdr was determined to 2.3-Å resolution (PDB code 5YZM; Table 2 ) using crystal grown in 50 mM sodium acetate, pH 4.5, 200 mM NaCl, 10 mM MgCl 2 , 12% PEG 3350 (condition 1). The first seven residues of the construct and the residues of three loops (residues 42-53, 142-175, and 236 -241) could not be modeled due to poor electron density. This structure presented a rather accessible active site. Upon close examination, we found that the active site catalytic triad was disassembled (not aligned in a conformation conducive to activity). Hence, we call this the inactive state. The crystal structure of the WT enzyme was solved from crystals obtained in two other crystallization conditions (condition 2: 50 mM Tris-Cl, pH 8.5, 200 mM ammonium citrate, 10 mM CaCl 2 , 14% PEG 3350; condition 3: 0.17 M ammonium sulfate, 25.5% PEG 4000, 15% glycerol), and in both cases the structure was found to be in the inactive state (PDB codes 6IGP and 6IGQ; Tables S1 and S2). The protein samples used to set up the crystallization trials were buffered at pH 8 using 20 mM Tris-Cl.
Several attempts were made to crystallize the enzyme in alternate conformations. Crystals obtained from another crystallization condition (condition 4: 40 mM potassium phosphate, 16 -20% PEG 8000, 20% glycerol) that were soaked in N-Ac-Phe yielded the structure of the active state of the enzyme (PDB code 5YZN; Table 2 ) at 2.3-Å resolution. In this state, not only was the active site catalytic triad assembled in a conformation conducive to activity, the three loops (residues 42-53, 142-175, and 236 -241), which were found to be disordered in the inactive state, were found to be ordered. A higher-resolution (1.7-Å resolution) structure of the active state was obtained using S514A mutant (PDB code 5YZO; Table 2 ). Although the mutant is inactive due to mutation in the catalytic triad, the crystals of the mutant soaked with Leu-Ala-Ser were found to be in the active state conformation. Both active state structures had residual electron density in the active site; however, the density was not sufficient for confidently modeling the ligands. This active state structure of S514A mutant was solved from crystal grown in condition 4. A crystal of S514A mutant from the same crystallization condition was diffracted without soaking any substrate. Interestingly, the structure solved from this data set was found to be in the inactive state (PDB code 6IGR; Table S1 ). Crystals of S514A mutant soaked in Met-Ala-Ala also yielded a 2.3-Å resolution structure in the active state conformation (PDB code 6IKG; Table S1 ). In this structure, the substrate was modeled in the active site with the help of Polder map (28) (Fig. S1 ).
The space groups of the solved structures were not the same. Some structures were solved in P2 1 space group, whereas others were solved in P2 1 2 1 2 1 space group. However, all the structures had four monomers in an asymmetric unit. These monomers were observed in the same conformation (i.e. either all active 
and ͗I(hkl)͘ represent the diffraction intensity values of the individual measurement and the corresponding mean value, respectively. c R free was calculated using 5% of the data that were excluded from refinement.
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or all inactive) and shared C␣ root mean square deviation (r.m.s.d.) of ϳ0.2 Å among them. Each time we solved the structure of the enzyme (WT or mutant) without soaking the crystal in substrate or substrate analog, we found the enzyme to be in the inactive state. Because this structure was reproduced from multiple crystallization conditions and from two different space groups, we believe that this inactive state exists in solution and is unlikely to be a crystallographic artifact. Also, crystals of S514A from the same crystallization condition yielded active state structure from crystal soaked in substrate (PDB code 5YZO; Table 2 ) and inactive state structure from crystal not soaked in substrate (PDB code 6IGR; Table S1 ). Both were in the same space group, and unit cell parameters were almost identical. This indicates that the observed changes in the loops and active site residues between active state and inactive state conformations are not affected by the crystal environment and could have some functional significance. Moreover, the three structures found in the active state were solved from crystals that had been soaked in substrate/substrate analog and had additional electron density in the active site close to the catalytic triad. We were able to model the substrate in one of the structures (PDB code 6IKG) using Polder map, which excludes the bulk solvent mask for ligand fitting. These data support the hypothesis that the presence of substrate favors the active state. Unless otherwise specified, the structure described in the text is that of the WT active state (PDB code 5YZN).
The S9Cdr sequence is only 27% identical to that of AAP from Pyrococcus horikoshii (PhAAP); however, their tertiary structures are similar to each other in many respects. The monomeric structure of S9Cdr superposes with that of PhAAP (PDB code 4HXE) (26) with a C␣ r.m.s.d. of 1.8 Å for 567 aligned atoms ( Fig. S2 ). It adopts a similar two-domain tertiary structure comprising an N-terminal seven-bladed ␤-propeller (residues 19 -389) and C-terminal catalytic ␣/␤-hydrolase domain (residues 7-18 and 394 -655) that are connected by a hinge region (residues 390 -393) (Fig. 4A ). The major differences between the two structures are localized in the propeller domain. In the ␤-propeller of S9Cdr, a highly charged 12-residue-long loop (gating loop 1; residues 42-53) is present between strands ␤2 and ␤3 in the first propeller blade. This loop is absent in PhAAP. The loop (gating loop 2; residues 142-175) connecting ␤2 and ␤3 in the third propeller blade is consider-ably longer in S9Cdr and has 15 charged residues. A unique loop (cavity loop; residues 301-316) ( Fig. S3 ) protruding into the active site cavity is inserted into strand ␤1 of the sixth blade of S9Cdr (Fig. 4B ). The catalytic domain of S9Cdr matches very well with that of PhAAP except that the latter has an extended C terminus (12 residues).
The active site of S9Cdr comprises the typical serine peptidase catalytic triad residues (Ser-514, Asp-597, and His-629), which are present on the ␣/␤ catalytic domain. The active site is covered by a dome-shaped propeller domain and buries a large cavity (active site cavity) with solvent-accessible volume of ϳ8900 Å 3 (29) . The cavity loop, a unique feature of S9Cdr protein that is absent in PhAAP, reduces the cavity volume by ϳ20% (Fig. 4B ). The active site in the cavity can be accessed either from the propeller tunnel (7-11-Å diameter) ( Fig. 4B ) or from an elliptical side opening (12-17-Å diameter) at the interface of the two domains ( Fig. 4C ). However, the propeller tunnel is too narrow to allow substrates to freely access the active site. The side opening, which is lined by residues of loops connecting propeller blades 1-3 and by two loops of the catalytic domain, is large enough to allow substrate access. Among these loops, gating loops 1 and 2 emanating from the propeller domain are particularly noticeable as they protrude from the plane of the side opening and modulate the shape of the opening when they become disordered in the inactive state.
Quaternary structure
S9Cdr adopts a tetrameric quaternary structure in solution with a molecular mass of ϳ265 kDa (30) . The four molecules in the asymmetric unit of each crystal structure are equivalent to the native tetramer as analyzed by the PDBePISA server ( Fig.  5A ) (31). Upon comparing the quaternary structure of S9Cdr with that of PhAAP, we found that their dimeric subunits are similar with a C␣ r.m.s.d. of ϳ2.4 Å for 1220 aligned atoms. S9Cdr is tetrameric and can be described as a dimer of dimers arranged at an angle of 180°, whereas PhAAP is hexameric and can be described as a trimer of dimers arranged at an angle of 120° (Fig. 5, B and C) .
In S9Cdr, the dimeric subunit is formed by the extensive interactions of the catalytic domains of the monomers. Additionally, gating loop 2 region (residues 155-159) of the propeller domain forms antiparallel ␤ strand interactions with the 
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terminal ␤ strand (␤39) of the catalytic domain from the other monomer. The dimeric interface excludes a large buried surface area of ϳ2540 Å 2 . The two dimeric subunits interact via their propeller domains to form a tetramer. The interactions of propeller domains further exclude buried surface area of ϳ640 Å 2 at each interface. The tetrameric assembly thus formed creates a pore (oligomeric pore) through the tetramer. This oligomeric pore is bordered by two smaller (gating loop 1) and two larger (gating loop 2) loops on each side. There is a slight change in the organization of the tetramer between the active and the inactive state conformations. The C␣ r.m.s.d. differences between active and inactive dimers is 0.88 Å for 1176 aligned atoms, whereas that for the tetramer is 1.77 Å for 2350 aligned atoms.
Active site and substrate binding
In the active state structure, the side chains of Ser-514, Asp-597, and His-629 form the catalytic triad and create a charge relay system for nucleophilic attack by the catalytic residue Ser-514 ( Fig. 6 , A and C). Ser-514 is located at the sharp turn (nucleophilic elbow) between a strand (␤36) and a helix (␣6), which is similar to that of POP peptidases. The other catalytic residue, Asp-597, is located on a loop (Asp loop; residues 595-602), and His-629 is located on a conformationally flexible loop (His loop; residues 625-637) (Fig. S3 ). Site-directed mutagenesis of each residue of the catalytic triad (S514A, H629A, and D597A) led to complete loss of the enzymatic activity, thus confirming their indispensable functional role (Fig. 2D ). S514A mutation had no effect on the structure of the active site. The active state structures of S514A mutant and WT enzymes are almost identical (C␣ r.m.s.d. of 0.15 Å) except for the absence of electron density for the serine side chain in the mutant structure (Fig. 6B ). The main chain nitrogen atom of Gly-434 located on the adjacent loop makes the oxyanion hole.
A structure of the S514A mutant of S9Cdr was found to have significant residual electron density in the active site, and the tripeptide substrate Met-Ala-Ala was modeled into the active site of the enzyme (Fig. 6C and Fig. S1 ). We also modeled a tripeptide into the active site of the S9Cdr enzyme based on superposition with the crystal structure of substrate-bound porcine POP (PDB code 1E8N) (32) . The position of the ligand in the model based on the porcine POP structure and that in the solved crystal structure were almost identical. Based on the substrate-bound crystal structure, the substrate-binding subsites can be identified in the active site of S9Cdr (Fig. 6C) . The structure revealed the positions of S1 and S1Ј subsites with high confidence. The scissile peptide bond is between the last two alanine residues (at P1 and P1Ј) of the substrate. The carbonyl carbon of P1 alanine is placed at the position of the nucleophilic attack by O␥ of Ser-514, and its carbonyl oxygen is toward the main chain nitrogen of the oxyanion hole residue Gly-434. In this position, the side chain of P1 Ala fits into the S1 pocket, which is lined by hydrophobic residues Trp-481, Ile-539, Phe-545, Ile-551, Phe-555, Trp-556, and Cys-600. The side chain of Ala at P1Ј is exposed to the cavity. Three arginine residues (Arg-537, Arg-599, and Arg-633), which bind the substrate . The relevant residues in both cases are shown in orange color. C, the substrate (Met-Ala-Ala; yellow sticks) was modeled in the active site of the active state of S9Cdr S514A mutant using Polder map. This structure was aligned with the active state of WT S9Cdr to make the figure. Substrate-binding arginine residues and catalytic triad residues are colored in green sticks. D, stabilization of side chain conformations of substrate-binding arginine residues by respective aspartate/glutamate residues in the active S9Cdr.
Carboxypeptidase in POP family: Unique enzyme mechanism peptide, are located near the active site. The side chain of Arg-599 forms a hydrogen bond with the carbonyl oxygen of Met at the P2 position. This arginine is located on the Asp loop and is conserved in POP, OPB, and AAP peptidases (24) . The free ␣-carboxylate of Ala at the P1Ј position interacts with side chains of Arg-537 and Arg-633 ( Fig. 6C ). These two arginine residues are unique features of the S9Cdr enzyme and have not been conserved in other structurally characterized POP peptidases. Arg-537 is located on a loop between strand ␤37 and helix ␣7 adjacent to the nucleophilic elbow, and Arg-633 is located on the His loop (Fig. S3) . Interestingly, the side chains of the substrate-binding arginine residues (Arg-537, Arg-599, and Arg-633) are stabilized by the electrostatic interactions with those of Asp-536, Asp-550, and Glu-630, respectively (Fig. 6D) . The individual point mutagenesis of the substrate-binding arginine residues (R537A, R599A, and R633A) leads to acute loss of the enzymatic activity in S9Cdr (Fig. 2D ), thus confirming their importance for activity of the enzyme. The importance of the interacting acidic residues was also confirmed by making individual point mutants (D536A, D550A, and E630A) that were found to have reduced enzymatic activities.
Based on the substrate-bound structure, some aspects of substrate specificity can be understood. The P1 pocket is very hydrophobic, and the presence of a hydrophilic residue at the P1 position could be unfavorable (Fig. 6C) . Indeed, the enzyme had lower activity against peptides with the hydrophilic residue Ser at the P1 position, whereas residues Ala and Leu were preferred at this position (Fig. 2B) . The P2 position is stabilized by hydrogen bonding of the carbonyl oxygen with Arg-599. The N-terminal residue of the tripeptide substrate is oriented in a way that the side chain is in close proximity with Arg-599 ( Fig. 6C ). Hence, positively charged residues at the N terminus of tripeptide substrates should be unfavorable. This was verified by the low activity of the enzyme toward Lys-Ala-Ser substrate, whereas the activity against Leu-Ala-Ser substrate was quite high (Fig. 2B ). Two arginine residues (Arg-537 and Arg-633) bind to the free ␣-carboxylate of the peptide substrate, thus facilitating substrate binding (Fig. 6C ). Furthermore, the cavity loop occupies the space in the active site cavity at positions P2Ј and onward (Fig. 4B) , which orients substrates for carboxypeptidase activity.
Comparison of active and inactive state structures
The C␣ r.m.s.d. differences between structures solved in active and inactive states are 0.59 Å for 591 aligned atoms of the monomer and 1.77 Å for 2350 aligned atoms of the tetramer. Although the C␣ r.m.s.d. values are low, there are significant local differences between the active and inactive state structures of the WT enzyme (Fig. S4 ). In the active state structure, the gating loops are ordered, and the active site is assembled. In contrast, the gating loops of each monomer of the inactive state structure are disordered, and the active site is completely disassembled. The disassembly of active site is achieved via two modes: (i) disruption of the Ser-His-Asp catalytic triad and (ii) dismantling of the substrate-binding site. This process is enabled by the following conformational changes (Fig. 7A) . The His loop with loop-helix-loop structure changes its conformation and is displaced by ϳ8 Å from its position in the active structure. This change displaces C␣ atoms of the catalytic His-629 and substrate-binding Arg-633 residues by ϳ6.2 and 10.5 Å, respectively. The Asp loop moves slightly outward, thus displacing the catalytic Asp-597 by ϳ1.2 Å from its position in the active structure. A critical arginine (Arg-537; catalytic triaddisrupting arginine) located on the adjacent loop of the nucleophilic elbow alters its side chain conformation (from ptt-85 where 1 ϭ 62°, 2 ϭ 180°, 3 ϭ 180°, and 4 ϭ Ϫ85°to ttp180 where 1 ϭ Ϫ177°, 2 ϭ 180°, 3 ϭ 65°, and 4 ϭ Ϫ175°) and moves (by 6.7 Å) to a location where it is positioned between the residues of the catalytic triad in the inactive structure. It forms a salt bridge with the catalytic residue Asp-597. The nucleophile Ser-514 changes its side chain rotamer in a way that disfavors catalytic triad formation. Thus, in the inactive state structure of S9Cdr, the catalytic triad is completely disrupted and is not competent to perform catalysis (Fig. 7B) . The substrate-binding residues (Arg-537, Arg-599, and Arg-633) also adopt alternate conformations in the inactive structure that render them incompetent for substrate binding. Moreover, the acidic residues (Asp-536, Asp-550, and Glu-630) that stabilize the side chain conformations of these arginine residues in the active structure cease to interact with them in the inactive structure. Thus, the substrate-binding site is dismantled in the inactive structure. The side chain of Arg-537 is particularly interesting as it switches its conformation from the substrate-binding position in the active structure to the catalytic triad-disruptive position in the inactive structure, thus playing critical roles in each conformation. 
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In the active state structure, gating loop 2 adopts a conformation in which one region of the loop (residues 155-159) forms antiparallel ␤ strand interactions with a solvent-exposed ␤ strand (␤39; ␤ edge) of the catalytic domain, which helps in the formation of a dimeric subunit of a tetramer. This interaction is conserved in the structure of PhAAP (PDB code 4HXG) (26) . Residues 164 -169 of the gating loop form hydrogenbonding interactions with those from the His loop (625-637), Asp loop (595-602), and another loop (548 -554) of the catalytic domain; these are Asn-166 (N␦2) with Asn-628 (O␦1), Asn-166 (O␦1) with His-629 (N), Asp-169 (O␦1) with His-598 (N⑀2), Arg-164 (N⑀2) with Thr-548 (O), and Asn-166 (N) with Asp-550 (O␦2) (Fig. 7C ). In the inactive state structure, the disordering of gating loop 2 leads to loss of these interactions. This is concomitant with the conformational changes in the His and Asp loops that destabilize the catalytic triad and substratebinding site. We observed significant contribution of gating loops 1 and 2 in regulating the size of the oligomeric pore. The active state tetramer with structured gating loops has a pore size of 9 -12 Å (Fig. 5A ). In the inactive state tetramer, these loops are disordered; thus, the pore size is increased considerably. The importance of the gating loop is supported by our mutagenesis result where N166A mutation caused a 90% loss of enzymatic activity (Fig. 2D) . The backbone and sidechain of Asn-166 make multiple polar interactions in the closed conformation, and these interactions seem to be critical for closing the loop and activity of the enzyme. Asp-169 of the gating loop also makes a polar interaction in the closed conformation, but it is not as centrally located as Asn-166. Mutagenesis data show that Asp-169 is not as important for the gating because the D169A mutation is almost as active as the native enzyme (Fig. 2D ). Asp-550 interacts with the gating loop and with the substratebinding residue Arg-599. D550A mutation leads to acute loss of enzymatic activity. This could be due to its role in gating or its role in stabilizing Arg-599. However, Asp-536 and Glu-630 are also involved in stabilization of other substrate-binding arginine residues, and mutations at these acidic residues (D536A and E630A) have a modest effect on the activity of the enzyme. This suggests that the acute loss of activity in the case of the D550A mutation is due to its interaction with the gating loop. Acute loss of activity upon mutation of residues tethering the gating loop to the active site highlights the importance of closing the gating loop.
Verification of activity in S9Cdr homolog
Based on analysis of S9Cdr structure, the main unique features of the enzyme that allow its carboxypeptidase activity are the cavity loop, conserved active site arginine residues, and aspartate/glutamate residues stabilizing the important arginine residues. Homologs of S9Cdr were searched using BLAST. Forty-two homologs were found to possess the important features mentioned above, including the S9C enzyme from Geobacillus stearothermophilus (S9Cgs; UniParc accession number UPI0006AC02FD, GenBank TM accession number WP_053532245). This enzyme was cloned, expressed, and purified. Although the enzyme was found to be active toward MLSAA peptide, it was unable to cleave MLSAA-NH 2 . The peptide cleavage profile of the enzyme confirmed that it is a carboxypeptidase (Fig. 8 ).
Discussion
Enzymes of the POP family are grouped into different subfamilies based on their sequence similarities and substrate specificities ( Fig. 1) (9) . Endopeptidase, dipeptidyl peptidase, tripeptidyl peptidase, and acylaminoacyl peptidase activities have been reported previously from the POP family; however, carboxypeptidase activity has never been assigned earlier to any peptidase of this family. Based on sequence similarity, the S9Cdr enzyme is annotated as AAP in the NCBI and UniProt databases. However, our enzymatic activity data clearly show that both acylaminoacyl peptidase and endopeptidase activities attributed to AAP are not observed for this protein. Moreover, our enzymatic assays and product elution profiles conclusively demonstrate that S9Cdr is a carboxypeptidase. The enzyme catalyzes sequential removal of C-terminal residues with free ␣-carboxylate (Fig. 3) . The S9Cdr enzyme, however, is still a member of POP family as confirmed by sequence similarity and structural similarity. Furthermore, this enzyme lacks the ability to remove the N-terminal amino acid residue from peptides with a free ␣-amino group, which is a characteristic feature of the peptidases from the POP family (9) . Thus, this is the first report of a carboxypeptidase from the POP or S9 family. 
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The S9Cdr enzyme achieves carboxypeptidase activity via structural adaptations illuminated by the crystal structures reported here. A cavity loop protrudes from the propeller domain and is placed near the binding site for the C terminus of the peptide substrate. The loop fills the void in the cavity beyond the P1Ј position (Fig. 4B) , thus crowding positions P2Ј and onward, which are present in substrates of other POP enzymes but absent in carboxypeptidase substrates. This could help to channelize the substrate to the active site and reduce the nonspecific interactions in the cavity. The substrate-bound structure has uncovered two arginine residues (Arg-537 and Arg-633) that bind to free ␣-carboxylate of the peptide substrate and facilitate substrate binding (Fig. 6C) . Mutagenesis studies confirm that these arginine residues are essential for the enzymatic activity (Fig. 2D) . Thus, insertion of the cavity loop and strategic placement of arginine residues in the substratebinding cavity enable appropriate positioning of the substrate for carboxypeptidase activity of S9Cdr.
The peptidases of the POP family have adopted sophisticated mechanisms to regulate access to the buried active site and permit smaller peptides into the active site cavity while excluding the longer or structured peptides of the cell to prevent their nontargeted digestion. In mammalian POPs, a flexible loop structure at the domain interface has been proposed to regulate substrate entry to the active site (20, 21) . In prokaryotic POPs and OPBs, the structural and biochemical evidence clearly shows that smaller size peptides can enter through a transient opening formed by hinge-like movement of the two domains (22) (23) (24) . In AAP enzymes, two different mechanisms for substrate screening have been proposed. Dimeric AAP (ApAAP) from Aeropyrum pernix shows dynamic opening and closing of the enzyme that are rather similar to observations in prokaryotic POPs and OPBs (25) . In contrast, hexameric PhAAP shows the double-gated entry mechanism. In this mechanism, substrates can access the active site by double check-in: first by passing through the major opening of the oligomer and then through a smaller side opening of the monomer (26) . The physiologically relevant mammalian AAP is a tetrameric enzyme and is expected to use a different mechanism for substrate screening. The structure of the mammalian AAP is not known despite two reports on its crystallization several years ago (33, 34) . Until now there was no suitable tetrameric structure in the POP family that could act as a reference model for this enzyme. Because S9Cdr adopts a tetrameric structure and its monomer is structurally close to that of PhAAP, it could act as a structural template for the physiologically relevant tetrameric mammalian AAP.
Based on our structural and mutagenic data, we propose the following mechanism for substrate screening in S9Cdr (Fig. 9 ). The active site cavity can be accessed in two steps: first via the oligomeric pore of the tetramer and later through the side opening of the monomer. The oligomeric pore and the side opening of the monomer seem to be regulated by the flexible gating loops that consist of a large number of charged residues. Substrate binding may follow either an induced fit or a conformational selection model (35) . In the case of the induced fit model, the substrate could diffuse into the inactive structure through the widened oligomeric pore facilitated by the disordering of the gating loops. The shape of the side opening is also modulated, which may further assist entry of substrate. In the induced fit model, binding of the substrate into the active site cavity would be coupled with large scale conformational changes, including ordering of the gating loops and assembly of the active site ( Fig. 9B ). It is likely that these two processes that render the binding of substrate into a productive encounter are linked because the loops responsible for assembly of the active site interact with the gating loops (Fig. 7C) . The disordered gating loops in the inactive structure may also allow the C terminus of larger and structured peptides to access the active site cavity. However, in such a scenario, steric hindrance posed by large size of the polypeptide would disallow ordering of gating loops. Consequently, the active site will remain disassembled, thus rendering such unintended binding unproductive (Fig.  9C ). Another mode of substrate binding would be conformational selection. In this possibility, the enzyme would exist alternately in active and inactive conformations. Small substrates could diffuse into the active structure via the side opening. However, direct access to the assembled active site would be disallowed for larger and structured peptides due to a smaller oligomeric pore and shielded side opening created by ordered gating loops (Fig. 9B) . Hence, the nontargeted proteins of the cytoplasm would be prevented from digestion by restricting access to the active site cavity in the active state and by disassembly of the catalytic triad in the inactive state where access to Fig. 5A . B, schematic of the active state of the enzyme wherein the gating loops are ordered and the active site is assembled. It is conducive for cleavage of smaller peptides but prevents the entry of larger peptides or proteins into the active site cavity. C, schematic of the inactive state of the enzyme in which the gating loops are disordered and the active site is disassembled. The structured peptides or proteins may enter through the oligomeric pore and their CЈ-end may have access to the active site cavity via the side opening of the monomer, but they cannot be hydrolyzed due to the disassembled active site.
the active site cavity is not restricted. This mechanism of substrate screening involving gating coupled with active site assembly/disassembly is entirely different from those proposed for other POP family peptidases.
The mechanism proposed here for S9Cdr is different from that of prokaryotic POP, OPB, and ApAAP as it does not involve any movement of domains of a monomer (23) (24) (25) . The substrate screening in hexameric PhAAP enzyme is somewhat similar to that proposed here for S9Cdr with respect to the double-gated entry mechanism (26); however, PhAAP lacks the association of the gating mechanism with assembly/disassembly of the active site, and there is no evidence of an inactive state equivalent to that of S9Cdr in PhAAP. The loop equivalent to gating loop 1 and the residues equivalent to Arg-537 (catalytic triad-disrupting arginine) and Arg-633 are absent in PhAAP. The loop equivalent to gating loop 2 is found in POP and PhAAP enzymes (Fig. S5 ). This loop in mammalian POP has already been proposed to play an important role for access of substrate to the active site (20, 21) . However, comparison of S9Cdr with PhAAP and other members of the POP family suggests that gating loop 1 is a unique feature of S9Cdr.
Our study provides significant structural details of this novel carboxypeptidase from the POP family. Based on the structural and mutagenesis analyses, we found that two arginine residues (Arg-537 and Arg-633) are important for carboxypeptidase activity. Furthermore, the arginine side chains are stabilized by nearby acidic residues. These conserved features were used to locate prospective serine carboxypeptidases among POP family peptidases. We found 42 prokaryotic homologs in the NCBI database that have greater than 30% sequence identities and possess the conserved arginine residues of the active site cavity (Fig. S3 ). We expect all 42 homologs to exhibit carboxypeptidase activity. To test our hypothesis, we cloned and purified one of the homologs from G. stearothermophilus (S9Cgs; 37% sequence identity with S9Cdr) and performed the enzymatic assays. This protein is annotated as a dipeptidyl aminopeptidase or acylaminoacyl peptidase in the NCBI database. In contrast to this annotation, our results confirmed that S9Cgs is a carboxypeptidase (Fig. 8) . Thus, based on the structural features we have highlighted, new and existing putative peptidases of the POP family can be annotated more accurately. Our studies thus provide a new dimension to the enzymatic activities that could be considered while interpreting the biological role of the POP peptidases. Moreover, the substrate-screening mechanism proposed in this study has implications for peptidases in general. Proteins and peptides are so prevalent in the cellular environment that it is essential for peptidases to utilize stringent substrate specificity mechanisms to prevent nonspecific hydrolysis of closely related molecules. The way in which the gating of substrates is linked with assembly/disassembly of the active site in S9Cdr is, to the best of our knowledge, unprecedented in the literature for peptidases in general. However, because the dynamic aspects of gating and the structural details of alternate conformations of enzymes can be elusive, it is likely that future investigations may reveal such mechanisms in other proteases and peptidases as well.
Experimental procedures
Materials
Oligonucleotide primers were purchased from Eurofins Genomics (India). The QuikChange site-directed mutagenesis kit was purchased from Stratagene. Various custom-synthesized peptides were purchased from Sigma-Aldrich or Genic Bio (China).
Cloning and mutagenesis
S9Cdr gene was cloned in pST50Tr expression vector (36) using BamHI and BsrGI restriction enzyme sites and was reported in Are et al. (30) . Point mutations in this recombinant plasmid were introduced using a PCR-based QuikChange sitedirected mutagenesis kit (Stratagene) according to the manufacturer's protocol using plasmid DNA as a template and appropriate pairs of mutagenic primers. The S9Cgs gene was cloned into a modified pET21a vector using KpnI and HindIII restriction enzyme sites. All constructs were cloned in fusion with N-terminal His 6 tag. All mutants were verified by plasmid DNA sequencing.
Protein preparation
Recombinant S9Cdr protein and its mutants were expressed in Escherichia coli BL21(DE3) pLysS cells. Recombinant S9Cgs protein was produced in E. coli Rosetta (DE3) pLysS cells. The proteins were purified according to protocols published previously (30) . The proteins were purified using immobilized nickel-nitrilotriacetic acid-affinity and size-exclusion column chromatography. Although the His 6 tags of S9Cdr and its mutants were cleaved using tobacco etch virus protease after purification, the tag for S9Cgs was not cleaved.
Enzyme activity
Activity of the enzyme was determined using various custom-synthesized peptides at pH 8.0 and 37°C. To determine the substrate specificity toward various peptides, purified enzyme (15-80 ng) was incubated with substrates (2 mM) in an 80-l reaction composed of 50 mM Tris-Cl, pH 8.0, at 37°C for 10 min. The assay was designed so that it gives initial steadystate rate without substrate depletion. The activity of the enzyme was determined in terms of release of free amino acids by the enzyme, which was estimated using a modified ninhydrin assay that involves the use of Cd-ninhydrin reagent to detect the free ␣-amino group of liberated amino acids from peptides (37) . The Cd-ninhydrin reagent (320 l) was added to the reaction mixture at the end of the reaction followed by boiling in a 100°C water bath for 4 min to develop the color. After cooling, the color intensity produced was measured at 504 nm. To determine specificities toward N-blocked para-nitroanilide (pNA) substrates, the enzyme was incubated with substrate at 37°C for 10 min. Color intensity developed due to release of pNA was determined by measuring the absorbance at 410 nm. The specific activity was expressed as mol of Gly eq. or pNA mg Ϫ1 min Ϫ1 . Enzyme assays were performed in triplicates. The enzymatic parameters were determined for tripeptides. Kinetic constants (K m and k cat ) were determined by linear regression (Michaelis-Menten) curve fitting using Graph Pad Prism (version 6.0).
Carboxypeptidase in POP family: Unique enzyme mechanism
Detection of cleavage sites in peptides
Cleavage patterns of substrates were monitored by reversephase HPLC chromatography using a C 18 column after derivatizing the products with o-phthalaldehyde reagent. Initially, peptides with or without a free C terminus were incubated with S9Cdr (or S9Cgs) enzyme for proteolytic cleavage. Typically, 5 mM substrates were incubated with 5 g of S9Cdr enzyme at 37°C, and an aliquot of 40 l from the reaction mixture was taken out at different time intervals. The reaction product was first treated with 60 l of 1:2 diluted o-phthalaldehyde reagent (0.5% (w/v) o-phthalaldehyde prepared in a solution comprising 200 mM borate, pH 10.4, 80% methanol, 25 M 3-mercaptopropionic acid) for 3 min to derivatize the products and thereafter loaded on a reverse-phase C 18 column (ODS Hypersil, Thermo Scientific) equilibrated with 12.5 mM phosphate buffer, pH 7.2 (Eluent A). A Gradient of 50% acetonitrile in the same buffer (Eluent B) was used for elution of hydrolyzed products at a flow rate of 1 ml/min for 30 min. The elution profiles were monitored at 330 nm and compared with the elution profiles obtained for different standard amino acids and peptides.
Crystallization of S9Cdr WT and S514A mutant protein
Both S9Cdr WT and S514A mutant proteins were crystallized in 96-well U-bottom plates at 14 mg/ml and 21°C using a microbatch under oil method (38) . The initial crystallization condition for the inactive state of WT S9Cdr protein was reported previously (30) . The crystals of WT S9Cdr protein in inactive state were obtained in 50 mM sodium acetate, pH 4.5, 200 mM NaCl, 10 mM MgCl 2 , 12% (w/v) PEG 3350. The crystals of the active state of WT S9Cdr were obtained from the protein incubated overnight with 2 mM phenylmethylsulfonyl fluoride. Initial crystal hits were obtained as fine needles, which were introduced as microseeds into drops pre-equilibrated with protein (39) . The best diffraction quality crystals for active WT protein were obtained in 40 mM KH 2 PO 4 , 20% (v/v) glycerol, 16% (w/v) PEG 8000 and later soaked in 50 mM N-Ac-Phe for 1 h. The crystals of the active state conformation of S514A mutant protein were grown in 40 mM KH 2 PO 4 , 20% (v/v) glycerol, 20% (w/v) PEG 8000 by microseeding and further soaked in 10 mM Leu-Ala-Ser substrate for 1 h. The crystallization conditions for the other reported structures are summarized in Table S2 . All the crystals were cryoprotected with Parabar 10312 oil and stored in liquid nitrogen prior to their diffraction.
